Thermodynamic studies of ligand binding to human telomere (ht) DNA quadruplexes, as a rule, neglect the involvement of various ht-DNA conformations in the binding process. Therefore, the thermodynamic driving forces and the mechanisms of ht-DNA G-quadruplex-ligand recognition remain poorly understood. In this work we characterize thermodynamically and structurally binding of netropsin (Net), dibenzotetraaza[14]annulene derivatives (DP77, DP78), cationic porphyrin (TMPyP4) and two bisquinolinium ligands (Phen-DC3, 360A-Br) to the ht-DNA fragment (Tel22) AGGG(TTAGGG) 3 using isothermal titration calorimetry, CD and fluorescence spectroscopy, gel electrophoresis and molecular modeling. By global thermodynamic analysis of experimental data we show that the driving forces characterized by contributions of specific interactions, changes in solvation and conformation differ significantly for binding of ligands with low quadruplex selectivity over duplexes (Net, DP77, DP78, TMPyP4; K Tel22 ≈ <K dsDNA ) and for highly selective quadruplex-specific ligands (Phen-DC3, 360A-Br; K Tel22 > K dsDNA ). These contributions are in accordance with the observed structural features (changes) and suggest that upon binding Net, DP77, DP78 and TMPyP4 select hybrid-1 and/or hybrid-2 conformation while Phen-DC3 and 360A-Br induce the transition of hybrid-1 and hybrid-2 to the structure with characteristics of antiparallel or hybrid-3 type conformation.
INTRODUCTION
G-quadruplexes have attracted significant attention due to their growing biological importance, mainly as possible regulators of transcription of cancer cells DNAs in gene promoter regions of oncogenes and telomeric regions (1) (2) (3) . Formation of stable G-quadruplexes has been found to modulate their biological functions, therefore, the development of new anticancer G-quadruplex stability ligands seems to be a novel anticancer strategy (4, 5) . In this light, the extreme conformational diversity of G-quadruplexes requires the development of highly specific ligands capable to discriminate between the diverse G-quadruplex topologies (6) (7) (8) and not only between the G-quadruplexes and duplexes (9) .
One typical example of such conformational diversity (10) of G-quadruplexes are various G-quadruplex structures formed from the human telomeric DNA sequence. For example, X-ray crystallography shows that the sequence 5 -AGGG(TTAGGG) in the presence of K + ions adopts the parallel structure (11) while NMR and some biophysical techniques indicate that Tel22 in K + solutions at room temperature exists as a mixture of two energetically similar (3+1) hybrid-type G-quadruplex structures known as hybrid-1 and hybrid-2 conformations (12) (13) (14) . On the other hand, it has been shown by NMR that in solutions with Na + ions Tel22 adopts antiparallel structure (15) . Furthermore, it has been shown recently that human telomeric DNA folding pathways involve multiple intermediate states (16) (17) (18) (19) (20) (21) (22) .
Based on the general structure and stability of Gquadruplexes, (23) most of the ligands have planar aromatic part enabling -stacking interactions with Gquartets and positive charge which enables favorable electrostatic interactions with the negatively charged DNA backbone (24) . Publications dealing with ligand binding to G-quadruplexes and structures of the formed complexes (RHPS4, (7) TMPyP4 (25) (26) (27) (28) (29) (30) , telomestatin, (31) Phen-DC3, (32) berberine, (33, 34) Braco-19, (35) actinomycin D, (36) HXDV, (37) naphthalene diimide, (38) N-methyl mesoporphyrin IX, (39, 40) distamycin (41) etc.) suggest that most of the ligands bind to the end quartets of Gquadruplexes with the binding constant ranging between 10 4 and 10 8 M −1 . Despite the long-standing interest in understanding the molecular recognition of human telomeric DNA by small ligands only a few studies on thermodynamics of their binding to human telomeric DNA (ht-DNA) quadruplexes have been reported (25, 33, 36, 37, 41) . In spite of the fact that ht-DNA may populate various conformational states at physiological conditions (different folded and folding intermediate states) these binding studies, as a rule, neglect their involvement in the binding process. Thus, the aim of the present work is to investigate the mechanism of binding of several ligands to Tel22 through the nature of the driving forces that control these binding events and the involvement of Tel22 folding intermediates in the binding process. In our study of molecular recognition of Tel22 we compare thermodynamic and structural characteristics of binding of six different ligands ( Figure 1 ): netropsin (Net), two dibenzotetraaza [14] annulene derivatives (DP77, DP78), cationic porphyrin (TMPyP4) and two bisquinolinium ligands (Phen-DC3, 360A-Br). Net is a typical dsDNA minor groove binder with binding constant around 10 8 M −1 for AATT binding sites (42) (43) (44) . DP77 and DP78 are characterized as intercalators with a pronounced preference for A-T(U) sequences (binding constant higher than 10 6 M −1 ) and show moderate to high antiproliferative activity against five human tumor cell lines (45) . DP77 and DP78 molecules possess large conjugated cyclic aromatic part that may, potentially, strongly interact with DNA G-quartets. TMPyP4 is one of the most studied quadruplex ligands that can induce formation of quadruplex from single-stranded DNA but does not show significant selectivity for quadruplexes over dsDNA (46) . For Phen-DC3 and 360A-Br it has been shown that they both exhibit high affinity for G-quartets very likely as a result of strong -stacking interactions as show by the NMR structure of G-quadruplex-Phen-DC3 complex (32, 47) . In addition, upon binding to Tel22 in solutions with K + ions these two ligands remove, as suggested by Marchand et al. (48) and Bončina et al., (49) one K + ion and induce conformational switching of Tel22 quadruplex to a conformation that according to CD spectra exhibits characteristics of an antiparallel type structure. For these and for many other quadruplex targeting ligands the question on the mechanism by which ligand binding is coupled to conformational changes remains unanswered. In general, two limiting mechanisms can be considered: (i) 'conformational selection', in which the ligand selectively binds to a quadruplex conformation that is present in solution in small amounts eventually converting the quadruplex to the ligand-bound conformation; and (ii) 'induced fit', in which the ligand binds to the predominant free quadruplex conformation followed by a conformational change to give the preferred ligand-bound quadruplex conformation. Though these mechanisms can be distinguished only by kinetic measurement of rate of the conformational change the detailed thermodynamic and structural analysis may give clues whether the observed ligand-quadruplex recognition is more likely an 'induced fit' or a 'conformational selection' process.
In this light a thorough investigation of Net, DP77, DP78, TMPyP4, Phen-DC3 and 360A-Br binding to Tel22 at various temperatures and K + concentrations was performed using isothermal titration calorimetry (ITC), circular dichroism (CD), fluorescence spectroscopy and gel electrophoresis. Here, we present experimental results for Net, DP77, DP78 and TMPyP4 while experimental results for Phen-DC3, 360A-Br have already been presented in our previous study (49) . Dissection of thermodynamic parameters, obtained from the global analysis of experimental data enabled us to estimate the dominant forces that drive binding of the mentioned ligands to Tel22. We believe that these estimates combined with CD spectroscopy and gel electrophoresis data and the structural modeling on the ligandTel22 complexes provide a deeper insight into the mechanisms of recognition of human telomeric G-quadruplexes by various aromatic ligands.
MATERIALS AND METHODS

Sample preparation
HPLC pure DNA oligonucleotide 5 -AGGG(TTAGGG) 3-3 (Tel22) was obtained from Midland Co., U.S.A. The buffer solutions used in our experiments consisted of 20 mM cacodylic acid, 1 mM EDTA and various concentrations of K + ions. KOH was added to cacodylic acid to reach pH 6.9. Then, KCl was added to obtain the desired concentration of K + ions (25 or 200 mM K + in cacodylic buffer). DNA was first dissolved in water and then extensively dialyzed against the buffer using a dialysis tube Float-A-Lyser (Spectrum Laboratories, USA, M w cutoff 500-1000 Da). The starting oligonucleotide solution was first heated up to 95
• C in an outer thermostat for 5 min to make sure that all DNA transforms into the unfolded form and then cooled down to 5
• C at the cooling rate of 0.05
• C min −1 to allow DNA to adopt G-quadruplex structure(s). Concentration of Tel22 in the buffer solution was determined at 25
• C spectrophotometrically using Cary 100 BIO UV/Visible Spectrophotometer (Varian Inc.) equipped with a thermoelectric temperature controller. Accurate concentrations at 25
• C were obtained from the melting curves monitored at 260 nm. Absorbance of the unfolded form (high temperatures) was extrapolated to 25
• C. For the extinction coefficient of the unfolded form at 25
• C we used the value 260 = 228 500 M −1 cm
estimated from the nearest-neighbor data of Cantor et al. (50) . Ligands netropsin (Net) (purchased from SigmaAldrich), dibenzotetraaza [14] annulene derivatives DP77, DP78 (synthesized at Ruder Bošković Institute, Croatia and Jagiellonian University, Poland) and TMPyP4 (purchased from Sigma-Aldrich) were first dissolved in the same buffer as DNA. Their concentrations were determined spectrophotometrically at 25
• C using extinction coefficients ε Net, 296nm = 21 500 M 
CD spectroscopy
CD spectroscopic titrations were conducted at 25
• C by titrating ligand solution (c L ≈ 300 M) into a DNA solution (V DNA = 600 l, c DNA ≈ 10 M) in the case of Net, DP77 and DP78 while in the case of TMPyP4 DNA solution (c DNA ≈ 70 M) was titrated into a ligand solution (V L = 600 l, c L ≈ 10 M) to avoid aggregation of TMPyP4-quadruplex complexes. Ellipticity, , was measured in the wavelength range between 240 and 350 nm in a 1.0 cm cuvette with signal averaging time of 3 s and 5 nm bandwidth. Experiments were performed using AVIV CD Spectrophotometer 62A DS (Aviv Biomedical, Lakewood, NJ, USA) equipped with a thermoelectric temperature controller.
Fluorimetry
Fluorescence titrations were conducted at 25
• C by titrating DNA solution (c DNA ≈ 30 M) into a 1000 l TMPyP4 ligand solution (c L ≈ 2.5 M). Emission spectra were recorded between 600 and 750 nm (excitation wavelength λ ex = 445 nm, ex. slit 5 nm, em. slit 10 nm, absorbance < 0.1) in a 1.0 cm cuvette with scanning speed of 50 nm min −1 . Experiments were performed using Perkin Elmer LS 55 luminescence spectrometer (Perkin Elmer, Waltham, MA, USA) equipped with a thermally controlled cell holder.
Isothermal titration calorimetry (ITC)
In the case of Net, DP77 and DP78 ITC experiments were performed at 10 and 25
• C by titrating a solution of ligand 
PAGE electrophoresis
DNA dissolved in the buffer solution containing 200 mM K + ions was mixed with an appropriate amount of ligand in the same buffer solution to achieve the desired ligand/DNA molar ratio. Ten microliters of these samples were mixed with 3 l of 40% (w/v) sucrose solution and then 10 l of such modified sample solutions were loaded onto a 22 (w/v) polyacrylamide gel containing 200 mM K + ions and subjected to a constant voltage of 110 V for 3 h. The running TBE buffer, pH = 8.2, contained 0.09 M Tris, 0.09 M boric acid and 1 mM EDTA. Electrophoresis cell was placed in a water bath at 25
• C. After the electrophoresis, the gels were photographed under short and long UV light using G-box (Syngene, Cambridge, UK) or directly with a camera detecting the color of a ligand (TMPyP4).
Molecular modeling
Yasara Structure (51) has been used for molecular docking of a ligand to various Tel22 conformations and the subsequent refinement of the resulting complexes. Docking calculations were performed on four human quadruplex conformations: the hybrid-1 (PDB: 2HY9 and 2JSM), hybrid-2 (PDB: 2JPZ and 2JSK), hybrid-3 (PDB: 2KF) and the antiparallel (PDB: 143D). Non-Tel22 sequences were modified to Tel22 and structurally optimized. Analysis of Phen-DC3 and 360A-Br binding by CD spectroscopy suggests that their binding induces conformational change of the hybrid-1 and/or hybrid-2 Tel22 conformation into the structure with characteristics of the antiparallel and/or hybrid-3 conformation ( Figure 5 ). Therefore, Phen-DC3 and 360A-Br docking was performed with the Tel22 antiparallel and hybrid-3 conformation. In the first step, coronene was used as a 'pore making ligand' and placed on the top of guanine quartet (dG4, dG8, dG16, dG20) of the antiparallel and (dG3, dG8, dG16, dG20) of the hybrid-3 conformation. Restrained minimization using AMBER03 force field (52) has been run for the initial complex. In this first minimization all three quartets were fixed. The resulting coronene-quadruplex complex was used as an entry for Phen-DC3 and 360A-Br docking experiment. In the second step, Autodock-Vina (53) (integrated in YASARA) docking experiment has been performed to obtain the structural model of the complex between the ligand (Phen-DC3 or 360A-Br) and the antiparallel or hybrid-3 Tel22 quadruplex. In addition, docking of Phen-DC3 and 360A-Br with hybrid-1 and hybrid-2 conformation was performed, for comparative purposes. We run 50 independent docking experiments. The pose with the best score was minimized in explicit water (TIP3P) (54) using AMBER03 force field.
On the other hand, analysis of DP77 and DP78 binding to Tel22 by CD spectroscopy suggests that DP77 and DP78 form complexes with hybrid-1 and/or hybrid-2 ( Figure 5 ). Thus, structural models of the complexes between the DP77 or DP78 and hybrid-1 and hybrid-2 quadruplexes were obtained through the Autodock-Vina docking experiment.
Structure based thermodynamic calculations
Changes of solvent accessible polar, A P , and non-polar, A N , surface area (SASA) accompanying the formation of ligand-quadruplex complexes were calculated as the differences between SASA of the complex and the summed SASA of the ligand-free Tel22 and the free (unbound) ligand. SASA of the ligand-free Tel22 was calculated as the average of two hybrid-1 and two hybrid-2 SASAs. SASAs were calculated using the NACCESS (55) program. In these calculations we used a probe radius of 1.4Å and the program default sets of atomic radii and polarity. The corresponding C
• P values were calculated using a relation C
56) which appears to be appropriate for describing C
• P of ligand-DNA association (42, 34) .
RESULTS AND DISCUSSION
Model analysis of ligand binding
Binding isotherms characterizing the sequential binding of Phen-DC3 and 360A-Br to Tel22 were analyzed elsewhere (49) . Net, DP77, DP78 and TMPyP4 binding characteristics were obtained from binding experiments performed at conditions at which at the beginning of the experiment only the folded G-quadruplex, F, and the folding intermediate, I, can be present in the solution (16, 49) . In this light the proposed model mechanism of Net, DP77, DP78 and TMPyP4 binding (Figure 2 ) assumes equilibrium between I, F and various ligand-G-quadruplex complexes,
The model mechanism is translated into the model functions that describe the experimental data obtained by spec- Table S1 ) while the parameters describing the I → F conversion were obtained from the recently presented global model analysis of folding/unfolding process of ligand-free Tel22 in the presence of K + ions, (16, 49) and were used in the fitting procedure as fixed values. In case that due to the aggregation of the ligand-quadruplex complexes the binding of a given ligand can be studied only in a narrow salt concentration range n FL cannot be determined (eqn. S10) and the described fitting procedure can lead only to apparent binding parameters specific for the salt concentration at which the binding process can be investigated (Supplementary Table S1 -DP77, DP78, TMPyP4). Figure 3 shows that all the calorimetric (ITC) and spectroscopic (CD) data measured for a given ligand-Tel22 system are successfully described by the model functions translated from the mechanism presented in Figure 2 . It should be mentioned that in the absence of ligand at physiological temperatures and ion concentrations the folded Tel22 forms are dominant ( Figure 3B,D) , (16, 49 ) the population of intermediates is small but significant and increases up to about 40% at 25 mM concentration of K + ions (Figure 3D) (16, 17, 49) . Though our model analysis is based on rather simplistic mechanism ( Figure 2 ) that does not distinguish between various folding intermediates (17) and folded forms (hybrid-1, hybrid-2) present in the solution at given conditions it shows that the description of ligand binding to Tel22 without considering intermediate(s) (neglection of the I → F step) leads to unsatisfactory agreement of the binding model with experimental data (Supplementary Figure S3) . In addition, an assumption that also the folding intermediate contains a set of independent binding sites does not lead to better description of experimental data by the model. Moreover, so modified model has to be discarded since it involves a large number of highly correlated adjustable parameters whose values (especially H
• and C
• P ) cannot be determined with sufficient accuracy. In other words, the proposed model (Figure 2 ) is the simplest model that gives a satisfactory agreement between experimental data and the corresponding model functions (eqs S3, S4 and S7) and is characterized by sufficiently reliable and accurate thermodynamic parameters.
Additionally, the appropriateness of the proposed binding model (Figure 2 ) for the description of ligand binding to Tel22 was checked by reverse titrations (titration of Tel22 solution into the ligand solution). We observed that in the case of Net, DP77 and DP78 the Tel22-to-ligand titration data may be successfully described by the same values of thermodynamic parameters than the corresponding ligand- to-Tel22 titration data (Supplementary Figure S1) . Based on this observation we believe that Tel22-to-ligand titrations give reliable information on the binding thermodynamics also in cases (TMPyP4, Phen-DC3 and 360A-Br) in which aggregation of the ligand-Tel22 complexes prevents reliable thermodynamic analysis of the observed ITC curves (Supplementary Figure S2A) . In this light the thermodynamic analysis of TMPyP4 binding to Tel22, as well as of the recently studied Phen-DC3 and 360A-Br binding to Tel22, (49) was based on Tel22-to-ligand titration data.
Thermodynamics of binding
Thermodynamic analysis reveals that the studied ligands differ significantly in their binding affinity for Tel22 Gquadruplexes and selectivity for Tel22 G-quadruplexes over DNA duplexes. The binding constants follow the order Net < DP77 < DP78 < TMPyP4 < 360A-Br < Phen-DC3 and range from 10 4 M −1 to 10 7 M −1 (Figure 4 , Supplementary Table S1 ). The studied ligands differ also in the maximum no. of binding sites they can occupy on Tel22. Thus, Tel22 can accommodate one (DP77, DP78), two (360A-Br, Phen-DC3; sequential binding) (49) , three (Net) and four (TMPyP4) ligand molecules. The significant difference in binding thermodynamics between DP77 and DP78 indicates that in the binding process besides the conjugated cyclic aromatic part also the side chains play an important role. Since the binding constants for Net, DP77, DP78 and TMPyP4 association with Tel22 are lower or close to those reported for their binding to dsDNA (45, 46, 57) , they may be considered as ligands with low selectivity for ht-Gquadruplex over duplexes. By contrast, the quadruplex spe- cific ligands Phen-DC3 and 360A-Br bind to Tel22 with significantly higher affinity (k > 10 6 M −1 ) than to dsDNA (58) . To verify this information we checked the binding selectivity for the 360A-Br ligand and found that the corresponding k quadruplex / k dsDNA value is higher than 50 (see Supplementary Table S4 ).
Next, we would like to show how the thermodynamic driving forces reflect the observed differences in binding affinity and binding specificity for a certain quadruplex conformation. Since the binding of Phen-DC3 and 360A-Br to Tel22 is sequential (49) the corresponding thermodynamic properties are compared with those of non-selective ligands (equivalent independent binding sites) only for binding of the (first) Phen-DC3 or 360A-Br molecule that binds to Tel22 quadruplexes with the highest affinity. The observed Gibbs free energy change, G
• , was dissected into the enthalpy, H
• , and entropy, T S Figure 4A ). In addition, we attempted to analyze G
• in terms of various more fundamental driving forces using the additivity approach (23, 42, 43, 59) 
in which G
• is considered as a sum of three main contributions: (Figure 4B ). The G 
Dissection of energetics reveals some general features of Net, DP77, DP78, TMPyP4, 360A-Br and Phen-DC3 binding to Tel22 (Figure 4) . The binding of all the ligands is accompanied with a negative enthalpy and heat capacity change ( Figure 4A , Supplementary Table S1) suggesting that the specific interactions occurring at the ligand-Tel22 binding interface and the removal of water from this (predominantly hydrophobic) interface play a major role in the recognition of ht-DNA by small aromatic ligands. This is consistent with the observation (Figure 4B ) that the corresponding G It also shows that for the G-quadruplex specific ligands (360A-Br, Phen-DC3) specific short-range interactions are essential for successful binding (if G
binding not favorable) while for the ligands with low selectivity for Tel22 quadruplexes (Net, DP77, DP78, TMPyP4) this is not the case (if G At this point we would like to mention that in our thermodynamic analysis of experimental data the parameter, n FL , that accounts for a number of ions released or uptaken upon binding (eqn. S10) does not distinguish between the binding-coupled release of the specifically and nonspecifically bound K + ions. Thus the value of n FL between 1.5 and 1.2 observed for Phen-DC3 and 360A-Br binding to Tel22, respectively (Supplementary Table S1 ), may be due to a release of one interquartet K + ion, as suggested by Marchand et al. (48) and/or due to a release of non-specifically bound K + ions. According to the polyelectrolyte theory (64) the corresponding electrostatic contribution to the standard free energy of binding is relatively small (its absolute value is smaller than the error of the least accurate contribution in eqn.
and was neglected in our dissection of energetic contributions. Moreover, due to the extensive burial of Phen-DC3 and 360A-Br within the quadruplex structure ((48) and our section Thermodynamics, Structural Features and Mechanism of Recognition) we assumed that the unfavorable contribution of desolvation of the ligand ionic groups is compensated by the favorable contribution of K + ion solvation.
Thermodynamics, structural features and mechanism of recognition
Gel electrophoresis experiments ( Figure 6 ) suggest that gelmobility of Tel22 complexed with the studied quadruplex non-selective ligands is the same as that of the ligand-free Tel22. Since the non-selective ligands, Net, DP77, DP78 and TMPyP4 are positively charged and bind relatively weakly to Tel22 (∼10 4 to ∼10 5 M −1 ) they may dissociate from Tel22 during the electrophoresis experiment and this could explain the same mobility of ligand-free Tel22 and Tel22 saturated with the ligand at the beginning of the experiment. The possibility of extensive ligand dissociation was checked for TMPyP4 and DP78. TMPyP4 was followed on gel directly under the visible light ( Supplementary Figure S7) while DP78 was detected under the long UV light (exhibits lower but still detectable intensity, not shown). So detected band positions are the same as those detected under the short UV light (detection of Tel22) which confirms that the bands belong to TMPyP4-Tel22 and DP78-Tel22 complexes and not to the ligand-free Tel22.
CD spectroscopy is often used to obtain qualitative information on the G-quadruplex conformations in the solution. It has been shown that the CD spectra of Tel22 Gquadruplex in the presence of K + ions are characterized by a maximum at ∼293 nm and a plateau at ∼265 nm which is typical of hybrid-1 and hybrid-2 conformations. Additions of Net, DP77 and DP78 have small effect on the shape of CD spectra which is in accordance with gel electrophoresis results and with our thermodynamics based suggestion that the corresponding ligand binding-coupled conformational changes are small ( Figure 5 ). In the case of TMPyP4 the CD-spectrum of TMPyP4-Tel22 complex is significantly different from the one observed for the ligand free Tel22. Since the gel-electrophoretic mobility of the TMPyP4-Tel22 complex and ligand free Tel22 is the same (Figure 6 ) the observed difference in CD spectra is unlikely a consequence of Tel22 conformational changes. This explanation is consistent with the relatively small G • conf esti-mated for the TMPyP4-Tel22 complex formation. By contrast, the difference between similar CD spectra of 360A-Br-Tel22 and Phen-DC3-Tel22 complexes ( Figure 5 ) and CD spectrum of the ligand-free Tel22 may be ascribed to ligand-induced Tel22 conformational transitions into similar ligand bound structures (49) . This suggestion is in accordance with the gel electrophoresis experiments ( Figure  6 , (49)) and with the relatively large G • conf > 20 kcal mol −1 estimated for these transitions. The shape of the CD spectra with characteristics of the antiparallel conformation of the ligand-free quadruplex observed with 360A-BrTel22 and Phen-DC3-Tel22 complexes ( Figure 5 ) appears to be a common feature of various G-quadruplex complexes with specific ligands such as RHPS4, (7) berberine, (34) telomestatin, (31) etc. Moreover, similar 'antiparallel type' CD spectrum has been observed with the ligand-free 22GT (5 -(GGGTTAA) 3 GGGT-3 ) sequence that forms the two quartet hybrid-3 structure that incorporates only one specifically bound K + ion (48) . To summarize, the measured CD spectra qualitatively support the conclusions drawn from the suggested dissection of the corresponding binding thermodynamics and suggest that the Net, DP77, DP78 and TMPyP4 form complexes with Tel22 hybrid-1 and/or hybrid-2 conformations while Phen-DC3 and 360A-Br may form complexes with antiparallel or/and hybrid-3 type conformations.
To obtain additional information on Tel22 conformation in the ligand-Tel22 complexes we performed molecular modeling of Tel22 in the presence of ligands. According to the binding characteristics of Net and TMPyP4 (nonspecific binding of three or four molecules) it is not possible to define Net and TMPyP4 characteristic binding sites on Tel22. Thus, no modeling was carried out for these two systems. On the other hand, molecular modeling was successfully performed with DP77, DP78, Phen-DC3 and 360A-Br ligands in the 1:1 complexes with different Tel22 topologies that were selected on the basis of information obtained from CD spectroscopy ( Figure 5 ). In this light the modeling with DP77 and DP78 suggests that the ligand molecules interact with the exposed G-quarters and groves of the Tel22 hybrid-1 and hybrid-2 conformation ( Figure 5 ). Such binding is not accompanied by significant conformational changes which is consistent with the estimated relatively small G Table S3 ).
The modeling of the Phen-DC3 and 360A-Br-Tel22 1:1 complexes with Tel22 in the antiparallel conformation suggests that ligand molecules may bind to its terminal Gquartet ( Figure 5 ) which is not exposed in the ligandfree antiparallel structure (similar structural model has been proposed for telomestatin-Tel22 complex) (65) . On the other hand, the modeling of the Phen-DC3 and 360A-Br-Tel22 1:1 complexes with Tel22 in the hybrid-3 conformation suggests that ligand molecules may bind between the G-triplet and G-quartet. The formation of antiparallel or hybrid-3 type conformations upon binding is accompanied by significant conformational changes which is consistent with the estimated relatively large G Table  S3 ). Though C • P estimations from SASAs suggest (Supplementary Table S3 ) that Phen-DC3 and 360A-Br likely bind antiparallel-type and/or hybrid-3 type conformation they are not sufficiently reliable to independently predict the preferential Tel22 conformation in the bound state. It appears that the structural modeling of Phen-DC3-Tel22 and 360A-Br-Tel22 1:1 complexes is consistent with our dissection of energetics and SASA calculations only if the two ligands are extensively buried inside the quadruplex structure (dehydration of the upper and the bottom surface of Phen-DC3 and 360A-Br). This is possible with Tel22 in an antiparallel or hybrid-3 type conformation, but less likely with hybrid-1, hybrid-2 or the all parallel structure where one side of the ligand would remain largely exposed to the solvent.
According to Marchand et al., (48) the observed quadruplex conformational changes accompanying Phen-DC3 and 360A-Br binding may be due to disruption of the three quartet hybrid-1 and hybrid-2 structures (induced fit binding) or due to conformational selection of the two quartet hybrid-3 structure. The appropriateness of the conformational selection hypothesis may be discussed on the basis of the observed large difference in the Gibbs free energy ( G • conf > 20 kcal mol −1 ) between the ligand-free Tel22 (mixture of hybrid-1 and hybrid-2) and the antiparallel or hybrid-3 type conformation adopted by Tel22 in the bound state. Large G • conf suggests that the concentration of the molecules in the antiparallel or hybrid-3 type conformation in the studied Tel22 solutions in the absence of the ligand would be so low that the probability of selecting such conformation by the ligand is practically negligible. In this light our thermodynamic data are more consistent with the induced fit binding mechanism in which the ligand disrupts the hybrid-1 and hybrid-2 structure to form the antiparallel or/and hybrid-3 type conformation. The high potency of Phen-DC3 and 360A-Br to disrupt Tel22 quadruplex structure is also in accordance with our previous observations of Phen-DC3 and 360A-Br binding to Tel22 in the presence of Na + ions where the ligand-bound quadruplex structure appears to be very similar to the one observed in the presence of K + ions (49) . Taken together, the obtained thermodynamic information, mobility of ligand-quadruplex complexes in the gel, the shape of the CD spectra and the results of molecular modeling suggest that in the process of binding Net, DP77, DP78 and TMPyP4 select hybrid-1 and/or hybrid-2 conformation, as the most populated conformations of Tel22 in solutions with K + ions, while binding of Phen-DC3 and 360A-Br more likely results in the binding induced formation of the ligand-Tel22 complexes with Tel22 in the an-tiparallel or/and hybrid-3 conformation. Evidently, due to the lack of high-resolution structural information on exact folds that Tel22 adopts in its ligand-free and ligandbound states, our structural interpretation of contributions to binding thermodynamics has to take into account several possible ligand-Tel22 binding modes. This suggests that to improve the structural interpretation of ligand-quadruplex binding thermodynamics it would be necessary in the future to study ligand binding to those quadruplex forming sequences that adopt single folds (verified by NMR) in their ligand-free and ligand-bound states. In this case a more rigorous correlation of the thermodynamic contributions obtained by dissection of the measured binding energetic with the corresponding high-resolution structural information would be possible.
CONCLUSION
In our study, we compared binding characteristics of six ligands (Net, DP77, DP78, TMPyP4, 360A-Br, Phen-DC3) to ht-DNA fragment Tel22 in the presence of K + ions. To the best of our knowledge, it represents one of the first experimental studies that take into account the folding intermediates in the analysis of ligand binding to ht-DNA. We found that the simplest model mechanism successfully describing all experimental data measured at physiological temperatures and salt concentrations must include conversion between the intermediate and folded G-quadruplex. The global thermodynamic analysis applied to obtain simultaneously the driving forces of binding and conversion involves a large number of adjustable parameters and does not provide the sufficient accuracy of their values. It is therefore necessary, to estimate the driving forces for the conversion between intermediate and folded quadruplex separately (16, 49) .
In contrast to 360A-Br and Phen-DC3, the ligands Net, DP77, DP78 and TMPyP4 interact with G-quadruplex less or equally strongly than with dsDNA and may therefore be classified as G-quadruplex non-selective ligands. Our dissection of energetics, gel electrophoresis experiments, CD and fluorescence spectroscopy measurements and molecular modeling result in the following thermodynamic and structural features that appear to be characteristic for binding of here studied G-quadruplex non-selective and quadruplex specific ligands to Tel22: (i) Binding of the non-selective ligands is accompanied by less extensive compensation of various Gibbs free energy contributions (magnitudes of G • contributions are significantly lower) than the binding of the specific ligands; (ii) For the non-selective ligands dehydration of hydrophobic surfaces appears to be sufficient for their recognition of the quadruplex, while successful binding of the specific ones (360A-Br, Phen-DC3) that are extensively buried within the quadruplex structure has to be driven also by specific interactions taking place at the binding interface; (iii) Binding of the non-selective ligands with relatively low affinity does not induce significant conformational change on the G-quadruplex. In this light upon binding Net, DP77, DP78 and TMPyP4 select the predominant hybrid-1 and/or hybrid-2 quadruplex conformation. By contrast, binding of the G-quadruplex specific ligands 360A-Br and Phen-DC3 induces structural changes in the quadruplex conformation which may be described as a transition from the hybrid-1 and/or hybrid-2 to an antiparallel or hybrid-3 type conformation.
To summarize, our global analysis provides thermodynamic fingerprints of ligand binding to ht-DNA quadruplexes. Significantly, these independent thermodynamic predictions are consistent with the observed structural features. In other words, our study shows how to explore the predictive power of thermodynamics for better understanding of molecular recognition of G-quadruplexes by aromatic ligands.
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